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Introduction

Accurate prediction of sound absorption in sea water is essential to. the
effective design and operation of sonar systems and has been recognized
as a serious problem for many years. By the end of WWII, it had become
clear that absorption at sonar frequencies is an order of magnitude greater
than that in fresh water. Subsequent propagation experiments provided
accurate estimates of the magnitude. By the early 1950's, laboratory
resonator experiments had identified the cause as a magnesium sulfate
relaxation and details of the mechanism and relaxation parameters had
been worked out [1,21. In 1962, Schulkin and Marsh proposed a formula for
sea water absorption based on field experiments in the frequency range
2-30 kHz and the measured relaxation parameters [3].

In 1965, Thorp [41 reported sound-channel propagation experiments in
the Bermuda-Eleuthera area indicating an anomaly at lower frequencies.
The excess loss was fitted by addition of a I kHz component to the S&M
formula. The result became known as the "Thorp formula' [51.

Mediterranean experiments were reported by Leroy [61, showing a similar
anomaly but with somewhat higher magnitude and relaxation frequency.
Experiments carried over the next two decades in other areas confirmed
the high degree of variability of the extra loss and regional dependence has
therefore become much more critical. The major factor involved in this
variability has been identified as pH 171.

The principal chemical relaxation responsible for the pH-dependent loss
has been shown to involve boric acid (8]. The chemical mechanism has been
identified as the boric acid/carbonate equilibrium and the parameters have
been measured in the laboratory, all by means of the resonator method 191.
The laboratory investigations also revealed a pH-dependent relaxation
involving magnesium carbonate, which has been found to ploy a minor but
significant role In sea water absorption I101.

An absorption formula, based solely on known chemical processes would
be far too complex and the accuracy would be limited as well. However,
since the range of environmental parameters !-, '.ip World Ocean is very
limited, simplifying approximations can be maujL; r,.m-y, tiae the 1..ses
for both pH-dependent relaxations increase exponentially with pH and the
relaxation frequencies increase exponentially with temperature. Thorp's
formula can then simply be modified by adding the third relaxation and
including the required pH and temperature corrections.

A 3-relaxation formula has already been developed. Predictions based on
archival pH data have been tested against all the available sound-channel
with good results 111,121.



Absorption Model

A=A1 (MgS0 4 )+A2(B(OH) 3 )+A3 (MgCO 3 )
An= anf 2  /(f 2 + f)

0.5 xIO-d(km)/20 -50XIOT/60
a2  1xiI' f!o9i0 1

d2= O-Ix10(PH-8) f2= 0-gXl T/70

a3= O.03xl0(pH-8) f 3 =4.5x10T/30

Atlantic 4C pH0.0

A=O.007f 2 +0.1 f 2/(l+jf2 )+0.18f 21 (6 2+f 2 )

N.Pacific 4.C pH 7.
A=0.007f2+0.05f 2/(I+f 2 )+0.09 f 2 /(6 2 +f2)

Mediterranean 14°C pH8.3

A=0.O06f 2 +0.26f 2 /( 1.4 2 +f 2)+078 f2/( 12 2 +f 2 )

Red Sea 22C pH 0.2

A=0.004f 2+0.27f 2 /( 1.82+f2) + 1. I f 2 /(24 2 4+f2)

sub-Arctic -I°C pH 8.3

A=O.0I1f 2 +0.17 f /(O.652+f2) * 0.24 f /(4 2+f )

Figure 1: Simplified absorption formulae.

In the 3-relaxation formula of Figure 1, A is in dB/km, frequency f and
relaxation frequencies fn are in kHz, temperature T is in °C and pH:8,0 is
the reference value. The pure water term is neglected, making the formula
valid for frequencies less than roughly 100 kHz. PH values in the World
Ocean vary roughly from 7.7 to 8.3, which corresponds to an absorption
ratio of as much as 4/1 at the lower frequencies,

The magnesium sulfate term includes the depth factor D(km), which is
adapted from the pressure correction of Fisher ond Simmons 112). Depth
dependencies of the other two relaxations are not yet known; however,
measurements indicate that boric acid effects are negligible, Magnesium
carbonate depth effects can be neglected because its contribution is so
small. Salinity dependence will be considered later..

Specific coefficients for several experimental areas, are shown in the
bottom box. Note that the magnesium sulfate terms are approximations
valid only for frequencies muclh less than the relaxation frequencies f,.

"2-
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Figure 2: Thorp's data and 3-relaxation model.

Figure 2 shows Thorp's data compared to the 3-relaxation model. The
Individual components are Identified and the top curve Is their sum. The
overall fit to the date is seen to be as good or better than with Thorp's

2-component formula.
Note that the boric acid (A2) coefficient is lower then that in the Thorp

formula by some 10%; I.e., the coefficient In dO/km becomes equal to the
volue in Thorp's equation, which was given In dB/kyd. Differences in the
totc. absorption at lower frequencies are then made up by the magnesium
carbonate component (A3).

The parameter adjustment Is mainly Justified on the basis of data-flit,
the third component being essentlial to the model. When the sea-water
resonator data were fitted with a 2-relaxation model, there were serious
dlscrePencles at higher pH values. Correction of Thorp's equation for pH8,5
gave values that were much too low at the lower frequencies, which was
clear evidence of the existence of a third component. Sea water synthesis
experiments were then carried out, The mechanism was identif led as a
magnesium carbonate relaxation and the relaxation parameters, including
temperature and pH dependence, were measured.

-3-
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Figure 3: Model and data comparison.

Figure 3 compares the 3-component relaxation model predictions and
data from sound-channel experiments In the Mediterranean, North PacificI and North Atlantic (Thorp).

In the North Pacific case 1141, the lower value pH17.7 reduces both the
boric acid (A2) and the magnesium carbonate (A3) coefficients by a factor
of two compared to the N, Atlantic. Relaxation frequency depends only on
temperature and remains the some,

In the Mediterranean case 1151, the higher value pHz8.3 increases both
the boric acid (A2) and the magnesium carbonate (A3) coefficients by a
factor of two compared to the N. Atlantic. However, since the relaxation
frequency Is higher, the curves do not differ by as large a large factor at
the lower frequencies.

The value pH 8.0 tas been assumed for Thorps experiment and is used as
reference value for the 3-relaxation model. Predictions based on archival
pH values then show agreement within experimental limits for all regions
examined. Although no discrepencies are now apparent, small adjustments
of any of the parameters can be made whenever new absorption and pH data
indicate the need.

-4-



PH Profiles
ii0 i _ _ _ __ _ _ _

Depth (km)
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pH 7.6 7.6 8.0 62 6.4

Figure 4: PH profiles.

Typical pH profiles for the North Atlantic and North Pacific Oceans and
the Mediterranean Seaobtained from the GEOSECS expedition reports 1161.
are shown In Figure 4.

The most striking features are the relative constancy of the pH values at
the surface and the slow variations at great depths. Variability with depth
means that net absorption realized for the various propagation modes will
also depend very strongly on the pH profile and the particular ray paths
involved.

In the analysis of sound-channel propagation experiments, axial values
Sof pH and temperature have proved to give adequate approximations, within

expected limits of experimental error. Axial depths at mid-latitudes are
near I km. where the regional variability tends to be greatest. At higher
latitudes, the sound-channel axis rises nearer to the surface where the pH
values are uniformly high. For convergence-zone propagation, Integration
of loss over the ray paths by numerical methods has shown that the 2 km
depth values give accurate estimates except for possible errors at higher
latitudes. Surface values are obviously appropriate for the surface duct.
The interim global model has been based on these approximations.

-5-



Global Model

A=A 1 (MgS04)+A 2(B(OH) 3 )+A 3 (MgCO 3 )
An(S/35)af z f/(f 2 +fn)

nI=0"5Xl=-D(km)/20 fI =50x0oT/60

02 = 0.1 K f 2 = 0.9xlOT170

a 3= 0.03 K f 3 = 4.5x1oT/30

Figure 5: Global model absorption formula.

Variability of pH is clearly the major limiting factor in the accuracy of
the absorption model. In the proposed global model of Figure 5, the pH
parameter K= 10"B') has been substituted in the absorption formula of
Figure 1. Salinity dependence is taken as S/35 with the caveats noted I11];
i.e. errors probably become excessive outside the range 30-40 ppt since
the changes in relaxation frequency must then be considered. This could
require analysis of constituents, which is beyond the present scope.

The interim model is based on estimation of the effective K values for
specific propagation modes. From the earlier analysis, exial values of K
and temperature T (OC) are appropriate for the sound-channel mode and 2
km depth values for CZ and other deep modes. Errors at high latitudes can
be reduced by interpolation, depending on the ray paths. Temperature is not
a problem since it can be derived from the SVP or XBT data.

Contours of pH for the surface end for depths 0.5 km and I km are shown
in the World Ocean Atleas of Gorshkov 1171. Contours for 2 km depth erg also
included in Vol. 2. The contour intervals are 0. 1 pH unit and interpolation
is required. Correction to in-silil pressure is also necessaryn.

The GEOSECS data have also been used to estimate the 2 km contours in
parts of the Pacific Ocean not coverre by the Russian work. Discrepencies
between the data sets have been arbitrarily resolved by adjustment of the
contours to minimize effects on estimation error,

The sound-channel K contour chart of Figure 6 is based on the analysis
of Russian pH contours by Lovett I 18], The CZ and surface charts, derived
mainly from the Russian report, are shown in Figures 7 and 8, respectively.
The CZ chart is a modification of the earlier 2 km chart with corrections
for high-lIatitude effects. Effective K values were obtained by integration
over appropriate ray paths.
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The absorption formula of Figure 5 has been based on the results of both
laboratory and sound-channel experiments. Because the frequency range of
the resonae.or was limited to 10- 100 kHz, it was not possible to measure
the boric acid relaxation parameters by this means. The field data were
primarily used in determining the absorption spectra at lower frequencies.
Thorp's data of Figure 2, considered to be the most accurate, was heavily
weighted in the analysis.

The pH data tor the sound-channel experiments was archival and errors
are estimated to be of the order ±0.05 units, which corresponds to ±i2%
error in magnitude at lower frequencies. Therefore, the absolute accuracy
of the pH-dependent part of the formula is expected to be of this order.
The accuracy of the pH-independent part is as good or better. Resonator
studies of sea-water absorption in the low kHz range have been carried out
recently at the Academia Sinica laboratories and measurements over the
pH range of interest coifirm overall formula predictions with equivalent
accuracy [ 19,201.

Accuracy of field predictions will, in general, be limited by the pH data.
The K contours of Figures 6-8 should provide reasonably good estimates of
absolute pH effects for the three propagation modes throughout most of
the World Ocean. Possible exceptions ore regions where some significant
discrepencies between the Russian and GEOSECS values have been noted
and also regions where pH profile changes are rapid. Questions can also
arise when there is no clearly dominant propagation mode.

While the global model can certainly account for gross regional changes
in absorption, the overall accuracy may be inadequate in some cases. For
example, it can be difficult to determine what values to use for arbitrary
ray paths. Interpolation between the sound-channel, convergence-zone and
surface values should help to improve matters; however, the errors could
easily become unacceptable when there are rapid changes over the depth
range in question. Some subjectivity and uncertainty is always involved in
such a process. Furthermore, the errors are additive and combined effects
of ray-path approximations and errors in values could become excessive.
Therefore, an obvious method of simplifying the computational process, as
well as improving the overall accuracy, is to integrate loss over all the
ray paths using an appropriate profile for the region.

In the following sections, all of the GEOSECS data are analyzed for the
purpose of assessing the occuracy of the K contour chnrts. The second and
perhaps major purpose is to investiqate K-profile estimation methods for
incorporation in existing compuier programs "or propagation loss.

-10-



GEOSECS Data Analysis

The Geochemical Ocean Sections Study (GEOSECS) [ 161 atlas volumes
contain records of t-ie oceanographic data taken during ihe International
Decade of Ocean Exploration (IDOE) 1970-1980. The areas covered include
the Atlantic, Pacific and Indian Oceans. The expedition tracks followed
depth contours of 4 km or more and coverage is not comprehensive. Data
are missing for many of the stations also, particularly the first part of
the North Atlantic track.

The Carbonate Chemistry sections of each volume contain the tables of
temperature, salinity, pH and associated parameters vs depth. The pH data
is the primary concern in this work. Procedures and method of pH analysis
are discussed in the atlases and references. Values corrected to in-situ
temperature and pressure are included and are used in this report.

Data for the three oceans are presented in sections, each beginning with
a track chart showing the station numbers. Station sequence is followed
except for the Indian Ocean section where the profiles 404-407, for the
Meditprrap.ian lea, the Red Sea and the Gulf of Aden, are placed at the end
in reversed order.

The graphs at the '3p of the figures following contain 5 sequential pH vs
dapth ,rof les. Depth intervals were choser to give the minimum required
detail and the original data were intirpolated to obtain the values when
nece3sary. Aaiy fine structLre present was minimized by smoothing. The pH
scale for each station is iroaicatpd by solid vertical lines with the value
pHe.0 at the top. The tick marks are 0. 1 pH units and successive profils
are displaced two units to the right. The tables below the graphs show the
station numbers, staion co.,.dinates and calculated K values vs depth.

The K contours at five selected oept-s 0, 0.5, 1, 2 and 4 km are shown in
Figures 41-45 The contours were derivcd by plotting the K values on the
charts and adiusting fur 'best-fit", teking into consideration values and
trends indicated by the Russian profigss. Note tht 'he K values refer to
regions separated by contour lines rnd not the contour lines themselves,
as in the earlier chtrts. This simplifies selection of values in the regio,,
of graoual change and serves to iden'.i1y problem regions of rapid chan.•e
as well.

"The five K values providad by the charts should permit quite accurate
es t imation of the K profiles in regions whcre no data are available. In
later sections, several alternative methods for formulating piofiles are
proposed. The expected error in predicted loss due to profile estimation
errors is also considered.

-11-



Atlantic Ocean
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GEOSECS ATLANTIC EXPEDITION, I S72-73
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Figure 9:- Atlantic track.
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0 pH<- 0.2 ->8 8 8 8 8

D (kmi)

2-

3 I

4
StationO 24 27 25 29 30

Station*> 24 27 28 29 30
54ON 420N 39ON 360 N 320N

Dpth(krn) 340W 42_ W 440W 470W 5 IOW
0.00 1.45 1.74 1.70 1.78 1.78
0.10 1.26 1._ 2 1.74 1.74 1.86
0.20 1.17 1.78 1.70 1.74 I.C6
0.30 1.12 1.62 1.66 1.70 1.66
0.40 1.07 1.51 1.55 1.62 1.51
0.50 1.05 1.45 1.41 1.50 1.45
0.60 1.05 1.26 1.32 1.41 1.32
0.70 1.05 1.15 1.23 1.210 1.15
0.60 1.07 1.05 1.10 1.02 1.0"7
L090 1,07 1.02 1.07 1.02 1.02
1.00 1.07 1.05 1.10 1.10 1.05
1.25 1.10 1.12 1.20 1.20 1.15
1.50 1.10 1.17 1.23 1.23 1.20
1.75 1.05 -1.20 120 1.20 1.23
2.00 1.00 1.20 1.17 1.15 1.23
3.00 0.96 1.10 1.10 1.05 1.12
400 0.98 1.00 1.00 1.00 1.05

Figure 10: Atlantic Ocean stations.
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0 pH<- 0.2 ->8 8 8 8 8

D a

2-

3I

4 I __ _

Station# 31 32 33 34 36

Station* 31 32 33 34 36

270N 240N 2 )ON 1BON 15ON
Depth(kin) 54OW 54°W 54OW 540 W 54°W

0.00 1.78 1.82 1,82 1,91 1.86
0,10 1,74 1.70 1.82 1.78 1.86
0.20 130 1,62 1,58 1.66 1.35
0.30 1.66 1.58 1,45 1.51 1.26
0.40 1.58 1,51 1.38 I,41 1.12
0.50 1,45 1.41 1,23 1.12 0.95
0.60 1.32 1126 1.17 1.00 0.89
0.70 1.23 1.10 1.00 0,91 0,83
0-60 1.05 1.05 0.95 0.83 0.81
0.90 .02 1.02 0.93 0,3 0,01
1.00 1.05 1.05 0.98 0.89 0,87
1.25 1.12 1.15 1.10 1.00 1.00
1.50 1.17 1.17 1.12 1.12 1.10
1.75 1.15 1.17 1.12 1 1.15 1.15
2.00 1.12 1.15 1.10 1.15 1.15
3.00 1.05 1.05 1.05 1.10 1.12
400 0.95 0.95 0.95 0.98 1.00

Figure 11: Atlantic Ocean stations.
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0 pH<- 0.2 ->8 8 8 8 8

D (km)'

2-

3 -

4 ____._.... __• ___•___•

Statlon5  37 39 40 42 46

Station*> 37 39 40 42 46
120N 080 N 040 N 0 ION 010S

Depth(kiN) 51OW 44°0W 390W 370° 340W
0.00 1.86 1.86 1.82 1.74 1.66
0.10 1.50 1.41 1.82 166 1.41
0.20 1.15 1.07 1.58 1.32 1.12
030 1,05 1.00 1.45 1,23 1.00
0,40 1.00 0.67 1.38 1.02 0.93
0.50 0.09 0.79 1.23 0.93 0.91
0.60 0.85 0.78 1.15 0.91 0.91
0.70 0.83 0.79 0.98 0.89 0,89
0.80 0.83 0.83 0.95 0.91 0.89
0.90 0.87 0.07 0.93 0.93 0.91
1.00 0.91 0.91 0.98 095 0.93
1.25 1.05 1.00 1.05 .O10 1.10
1.50 1.20 1,17 1.12 1.15 1.15
1.75 1.26 1.23 1.12 1.20 1.20
2.00 1.26 1.26 1.10 1,20 1.20
3.00 1,12 1.12 1.05 112 115
400 1.00 1.07 1.00 1.00 1.00

Figure 12; Atlantic Ocean stations.
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0 pH<- 0.2 ->8 8 8 8

D (kmn)

2-

3

4tat5o# 45 49 53 54 55

Station*> 48 49 53 54 55
040S 080S 12 S 150S 180S

Depth(kmn) 29°W 28°W 28QW 30"W 3 I°OW
0.00 1.70 1.82 1.86 1.82 1.82
0,10 1[41 1.70 1.82 1.02 1.86
0.20 1.26 1.23 1.45 1.18 1.74
0.30 1.00 0.98 1,07 1.32 1.58
0.4 . 0.87 0.89 1,00 1.12 1.35
0.50 0.83 0.83 0.93 1.07 1,15
0,60 0,83 0.01 0.93 1[05. 1.12
0270 0.85 0.83 0.93 1.02 1.07
0.80 0.67 0.87 0.93 1.02 1.05
0,90 0.89 0,91 0,95 1.02 1.05

1.00 0.93 0.95 1.00 _02 1.07
1.25 1.07 1.02 1.07 1.07 I110
1.50 1.17 1.15 1.12 1.17 1.15
1.75 1.20 1.20 120 1.26 1.23
2.00 1.20 1.23 1.17 1.23 1.26
3.00 1.15 1.15 1.12 1.15 1.15
400 1[07 1.05 0.98 j 1.00 1.00

Figure 13: Atlantic Ocean stations.
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0 pH<- 0,2 ->8 8 8 8 8

D (km~)

41

Stationo 56 57 58 59 60

Station*> 56 57 CT 59 60
21 °S 240S 27°S 300S 33°S

Depth(kin) 33°W 35°W ... 37°W 39OW ... 42OW
0.00 1.86 1.95 1.95 1.95 2.0 4
0.10 1.91 1.95 1.91 2.00 L.95
0.20 1.78 •T 1.76 1.82 1.02 1.78.
0.30 1.66 1.70 1.70 1.74 1.70
0.40. . 1.51 1.51 . 1.58 1.62 1.58

0.50 1.32 1.32 1.41 1.48 1.51
0.60 1 .15 " 1.23 1.32 1.38 1.45
0.70 -1.10 1.17 1.26 1.32 ... 1.35
0,80 1.05 1.12 120 1.26 1.32
.0.90 1.02 1,05 112 ..1.23 UM•

4 1.00 1...,02 .. . 1.02 1.05 1.15 1.17
S1.25 I.-15 - 1.02 1 ,02 1.05 1.02
S1.50 . 1.23 . 1,15 II 1. 00 1,00 1D

S1.75 1.26 1.20 1'. 20 1.05 1, 07
2,00 1,26 1,23 1.23 1.12 I.17
3.00 1.17 1,15 " 1.20 1,1"7 1,ý15
400 1.00 0.93 0.9 1 0,89 0.07

Figure 14: Atlantic Ocean stations.
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0 pH<- 0.2 ->8 8 8 8 8
D (km)'

2-

I I

4I I

Stations 61 64 67 76 78

Statl onOý'> 61 64 67 -76 78
360S 390S 450S 580S 61I°S

Depth(km)[ 45OW 49°W 51IN 660W 63°0W
•0.00 2.00 2.00 1.95 1.78 1.663.I0 1.95 1,74 1.866 174 .. 58

0.20 1.86 1,51 1.70 1.62 1 . 120430 .. .82 ,41 141 1.41 1.. 07
0.40 1,70 1635 6135 7.26 1.020.00 2.02 ,2.0 1.29 ,1,0 [.00
0.60 1.95 1.743 126 14.0 0..
0.70 1.48 1.20 1.20 0.62 1.12
0.40 1.37 1,.2 1.35 0.95 [02
090 1.62 1.07 1.25 0.93 100 0
1.00 1.23 1.00 1.00 0.93 1.00

1.25 1,10 0.95 0.95 0.95 1.02
1.50 100 0.93 0.91 0.95 1.02
1.75 0.96 0.93 0.09 0.95 0.96
2.00 1.00 0.93 0.89 0.91 0.93
3.00 1.10 0.93 0.89 0.89 0.91
400 0.59 0.85 0.53 0.83 0.85

Figure 15: Atlantic Ocean stations.
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0 pH<- 0.2 ->8 8 8 8 8L J'

* 2-

3-

Station* 79 85 87 89 90

Station*> 79 85 07 89 90
60oS 570S 590S 60oS 56 0S

Depth(kmn) 450W 17°W 09TW 00°E 05°E
0.00 1.86 1.82 1.78 1.74 1.74
0.10 1.45 1.66 1.30 1.35 1.50
0.20 1.29 1.07 1.17 1.10 1.12
0.30 1.23 0.95 1.10 1.05 1.07
0.40 1.17 (.95 1.07 ¶ 02 105
0.50 1.15 0.98 1.05 [.0o0 [.02
0.60 1.12 1.02 1.02 0,98 1.00
0.70 1.10 1.02 1.00 0,8 1.00
0.80 1.07 1.00 0.98 0.98 1.00
0.90 1.05 1.00 0.98 0.98 1.02
1.00 1.05 1.00 0.98 1.00 [.02
1.25 1.02 1.02 0.98 1.00 1.02
1.50 1.00 0.98 0.95 0.98 1.00
1.75 0.90 0,95 0.95 0.98 0.M
2.00 0.95 0.95 0.93 0.95 0.95
3.00 0.91 0.87 0.89 1 0.89 0.91
400 0.89 0.81 0.85 1 0.5 0.83

Figure 16. Atlantic Ocean stations.
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0 pH<- 0.2 ->8 8 8 8 8
D (kmi)

2-

3 I

Station* 91 92 93 102 103

Station*> 91 92 93 102 103
50 0S 460S 42°S 320S 240S

Depth(km) I °E 150E 18E 09; 1E OWE
0.00 1,82 1.74 1.62 1.86 1.74
0,10 1.50 1.62 1.,70 2.00 162
0,20 1.38 1.45 1.66 1..6 1.51
030 1.12 1.35 1.51 1.70 1.23
0.40 102 1,29 1.41 1,58 0.95
0.50 1.00 1,123 - 129 ,51" 0.03
0.60 0.98 1.20 1,23 1.45 0.61
0.70 0.98 1.12 1.15 1.32 0.63

"0.80 1.00 .0.2 1.. 1,26 0.85
0.90 1.00 0.02 .01 152.0 0,67
1.00 1.02 0.90 0.96 1.05 0.91
1.25 1,05 0.95 0.95 0.95 0.95
1.50 1.05 0.98 0,93 0.95 1.02
1.75 1.00 1.00 0.95 1 o00 1.10
2.00 0.98 0.96 0.98 1.05 1.15
3.00 0.89 0.95 0.95 1.00 [.05
400 083 0.83 083 0.,85 0.91

Figure 17: Atlantic Ocean stations.
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0 pH<- 0.2->8 8 8 8 8
D (kmn)' J ••""--

II

2-

" I I

Station* 105 107 109 111 113

StationO> 105 107 109 111 113
20IS 12os 029S 02ON I 1 IN

Dep~thMj 02°E 020E 04`W 14OW 21°W400 1.74 1,74 1,86I .62 2,00
0.to10 1.5 17 1026 1.17 135
0.20 1.,26 0.17 1,07 1.02 1.15

30 1.12 0,79 0,9 0.93 1,00.
0.40 1000 0.71 0.79 0.91 0.93
0.50 .6 0 067 0.7 1.09 019
030 171 0.63 0978 037 0,6)

0.70 0,78 0.65 0.79 0,85 0.690.80 0,81 0.68 0.79 0.65 0.71

0.90 o7 .0.7_4 0.83 0.67 0.79
1,00 0.91 039 0.91 0.89 0.85
1,25 1.00 0.89 1.0_ 0.95 0.98
1750 1.07 0.98 1.17 1,27 1.10
1.75 1.12 1.05 1.17 1,23 1.12
2.00 .107 [10 1.12 1.17 17I '
3.00 1.07 0.98 1.00 10? 1.ý07
400 1.00 095 098 o0.9 0.95

Figure 18: Atlantic Ocean stations.
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0 pH<- 0.2 ->8 8 8 8 8

Dkm

2 ..

I

Station* 1 114 116 117 118

Stoat i ý.-#>T 1-14 115 116 117 Ila

21 ON 28ON 30"N 31 ),N 31 °N
D~ePUt•,0n) 22°W 26°0W 30°W 39°W 46°W

S0.00 1.78 1.I9.1 , 1.95 1.91 1.95.
0I 0 1.58 1.70 1.91 1.91 1.95

0.20 1.41 1.70 i.91 1.78 1.78
0.30 1.35 1.66 1.78 1.70 1.740.40 1.20 1.58 1,70 1.58 1.55

S0.50 1.00 1.3_8 1.... .2 1.55 1.138
0.60 0.85 1.29 1.5 t 1.41 1.23
0.70 0.76 1. 12 1.29 1.32 1. 17
0.80 0.72 I.10 "1.26 ' 1.23 I. I0
0.90 0.74 1.07 120 1.17 1.10
1.00 0.87 1.05" 1 .15 1.17 1.15 '
1.25 1.00 1.10 1.17 1.20 1.20
1.50 1.05- 1.20 1,23 1.23 1.23
1.75 1.15 1.2,0,, 1.23 1.26 1.23
2.00 1.15 1.20 120 1.26 1.26
3.00 1.12 1.10 1.10 1 .10 1.15

-4.00 1.00 1.00 1 .00 1.05 1.05

Figure 19: Atlantic Ocean stations.
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0 pH<- 0.2 ->8 8 8 8 8

I Ik )

1_

Station# 119 120 121

Station'-> 119 120 121

320N 33DN 36°NDpkth(km,) 51°W 57IW 6Iw
0.00 2.00 2.00 2. 0-4
0,10 1.91,, 2.00 2._04
0.20 1.82 1.86 1.91
0.30 1.74 1.74 . ..1.78
0.40 1,70 1,62 1.70
0.50 1.58 1.55 1.62

. --

0.60 1.41 1.38 1.48
0.70 1.35 1.23 1.29 :

0.80 1 '.23 1.12 1.15
0.90 1.17 1.05 1.07

S1,00 1.20 ,_1,07 1.07
3.25 1.23 1 1.7 1201.50 1 . 0 1.20 1. ..2.. ........ .

1,75. 1.35 1.20 1.26
2.00 1135 17 1,23
3.00 1.15 1.15 1. 15
400 1.07 1 1.02 1.07

Figure 20: Atlontic Ocean stations.
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TRACK OF P/V MELVILLE,

QEOSECS PACIFIC EXPEDITION; 1973-74
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pH<- 0.2 ->8 8 8 8 8

4 a,

Station 201 202 204 212 213

Station*> 201 202 204 212 213
t 34°N 33ON 3 ION 30ON 31IN

Dept (km) 128OW 140OW 150OW 160OW 169°W
0.00 1.78 1.82 1.82 1.95 1.95
0.10 1.82 1.86 1.95 1.95 2.00
0.20 1.12 1.58 1,66 1.86 1.66
0.30 0.89 1.38 1.51 1.58 1.66
0.40 0.54 1.07 1.17 1.26 1.51
0.50 0.49 0.63 0.93 0. 5 1.26
0.60 0.46 0.56 0.63 0.03 0.91
0.70 0.45 0.47 0.54 0,56 0.79
0.60 0.46 0.45 0.50 0.47 0.63
0.90 0.48 0.44 0.48 0.46 0.9
1.00 0.50 0.45 0.47 0.47 0.47
1.25 0.52 0.48 0.49 0.52 0.48
1.50 0.55 0.51 0.54 0.58 0,56
1.75 0.58 0.55 0.50 0.63 0.63
2.00 0.60 0,59 0.62 0.66 0.66
3.00 0.66 0.68 0.68 0.74 0.69
400 0.68 o069 0.72 0.78 0.74

Figure 22: Pacific Ocean stations.
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i o0 pH<- 0.2 ->8 8 8 8 6

3 -I

4 k

Station*> 214 215 217 210 219

320N 370N 45"N 50ON 53"N
Depth(km) 177'W 177 0W 1770W 1770W 177OW

0.00 1.91 2.00 1.91 1.95 1.66
t0.10 1.95 1.86 1.66 1.45 1.26
ti0.20 1.95 1.70 126 0.72 0.79

0.30 1.78 1.58 0.79 0.63 0.63
0.40 1.55 1.41 0.72 0.58 0.50
0.50 1.23 1.17 0.66 0.55 0.45
0.60 0.89 1.00 0.63 0.54 0,44
0.70 0.78 -0.74 0.60 0.52 0.43
0.60 0.65 0.56 0.58 0.51 0.44
0.90 0.55 0. 52' 0.55 0.50 0.45

1411.00 0.54 0.51 0.54 0.50 0.47
111.25 0.56 0.52 0.54 0.54 0.51

1.50 0.63 0.56 0.56 0.56 0.56
1.75 0.6-5 0.63 0.63 0.58 0.60
2.00 0.69 0.68 0.66 0.60 0.63
3.00 0.68 0.71 10.71 10.66 0.66
4.00 10.68 J0.68 10.74 0.71 0.63

I Figure 23: Pacific Ocean stations.
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0 pH<- 0.2 ->8 8 a 8
D(kmn)' -- --

II

3-

Stations 221 222 223 225 226

Station#>. 221 222 223 225 226

45ON 40°N 35°N 33°N 31°N
Depth(kmn) 169W 160°W 152°W 1620W 171°W

0.00 1.91 2.09 2.14 2.09 2.00

0.10 1.51 1.55 2.04 2.00 2.00
0.20 0.89 1.15 1.95 1.86 1.060.30 0.71 0.95 1.78 1 76 1.70.-,

0.40 0.65 0.83 1.58 1.70 1.58
0.50 0.60 0.68 1.385 1.55 1.41
0.60 0.55 0.59 1.00 1.26 1.00

0.70 0.51 0.55 0.79 0.85 0.79
0.80 0.49 0.54 0.63 0.59 0.63-- 0.90 0,48 0,54 0.56 0'55 0.56
1.00 0.46 0.54 0.54 0.51 0.54
1.25 0.50 0.56 0.55 0.51 0.55

1.50 052 0.58 0.62 0.54 0.581.75 0.54 0.60 0.65 0.51 0.62
2.00 0.56 0.63 0.71 0.63 0.65
3.00 0.65 0.66 0.72 0.71 "0 0.71
400 0.68 0.65 0.69 0.72 0.74

Figure 24: Pacific Ocean stations.
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0 pH<- 0.2 ->8 8 8 8 8

D{(kmn)

ii

2 -
•I |

3-
I I
I

I I

I I
I4 I4Station 227 228 229 233 235

Stotion> 227 228 229 233 235

25ON 19ON 130N 18EN 170N
DePth(krn) 170*W 169*W 173°W 169OW 161'W

0.00 2.00 2.00 2.00 1.95 1.91
0.10 1 2.00 1.95 1.91 1.91 1.95
0.20 2.00 1.86 1.78 1.55 1.58
0.30 1.82 1.58 1.12 1.41 1.00
0.40 1.70 1.26 0.89 1,23 0.79
0.50 1.41 1.00 0.79 0.79 0.59
0.60 1.17 0.79 0.71 0.74 0.56
0.70 0.66 0.68 0.66 0.72 0.55
0.80 0.62 0.66 0.65 0.72 0.55
0.90 0.60 0.66 0.65 0.71 0.55
1.00 0.62 0.68 0.66 0.71 0.56
1.25 0.65 0.69 0.69 0.69 0.60
1.50 0.68 0.71 0.71 0.69 0.63
1.75 0.71 0.71 0.72 0.69 0.66
2.00 0.72 0.72 0.74 0.71 0.69

S3.00 0.74 0.74 0.74 0.74 0.71
4.00 0.74 0.78B1 0.74 0.74 0.74

Figure 25: Pacific Ocean stations.
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0 pH<- 0.2 ->8 8 8 8 8

D (km-)

3 I

4[

Station* 237 238 239 240 241

Station*> 237 238 239 240 241
120N 08ON 060N 03"N 050N

Depth(km) 165 0W~ 167 0W 1720W 1770W _1790E
0.00 1.95 1.82 1.58 1.82 1.74
0.10 1.58 1.62 1.50 1.958 1.66
0.20 0.79 0.83 0.79 0.93 1.41
0.30 0.63 0.60 0.72 0.65 0.93
0.40 0.58 0.55 0,69 0.79 0.83
0.50 0.56 0.54 0.66 0.74 0.76
0.60 0.56 0.54 0.63 0.71 0.66
0.70 0.56 0.56 0.62 0.68 0.63
0.60 0.59 0.59 0.60 0.66 0.62
0.90 0.60 0.62 0.60 0.66 0.62
1.00 0.62 0.65 0.60 0.68 0.63
1.25 0.63 0.68 0.63 0.71 0.66
1.50 0.66 0.72 0.66 0.72 0.69
1.75 0.69 0.74 0.6 0.74 0.71
2.00 0.72 0.74 0.71 0.76 0.72
3.00 0.78 0.74_ 0.74 0.78 0.74
400 0.79 0.76 _j0, 74 0.76 0.74

Figure 26: Pacific Ocean stations.
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0 pH<- 0.2-->8 8 8 8 8

1

2-

3 -

I p

t•_t1 __ 24_ 251 2 22
Station* 246 251 252 257 260

Station*> 246 251 252 257 260

0°OS 050S 08°S 19°S 150S
Depth(krn) 179¶E 179 0E 178°W 1700 W 170OW

0.00 1.78 1.82 2.00 2.09 2.00
0.10 1.50 1.78 1.58 1.74 1.91
0.20 1.48 1.58 1.41 1.55 1.70
0.30 1.00 1.26 1.20 1.26 1.58
0.40 0.79 1.12 0.98 1.10 1.35
0.50 0.74 0.96 0.91 0.95 1.17
0.60 0.72 0.89 0.89 0,91 1.07
0.70 0.71 0.83 0.87 0.87 1.00
0.80 0.71 0.78 0.85 0.85 0.93
0Q90 0.69 0.76 0.83 0,83 0.89
1.00 0.69 0.74 0.83 0.83 0.87
1.25 0.71 0.74 0,83 0.81 0.85
1.50 0.72 0.76 0.83 0.81 0.87
1.75 0.72 0.76 0.51 0.61 0.87
2.00 0,74 0,76 0.81 0.81 0.85
3.00 0.74 0.79 0,79 0.81 0.79
4.00 0.74 0.79 0.78 0.81 0.78

Figure 27: Pacific Ocean stations.
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0 pH<- 0.2 ->8 8 a 8 8

2 -

3I

4 a t.
_ _ 267 __ 273 _

Station 267 269 273 282 290

Station'> 267 269 273 202 ... 290

190S 24"S 300 S 580S 580S
Depth(km) 171 OW 175OW 1760W 1700 E 1740 W

0.00 2.00 1.95 2.00 1.66 1.74
0.10 2.00 1.91 1.66 1.55 1.58
0.20 1.78 1.82 1.74 1.48 1.48
0.30 1.58 1.70 1.62 1.32 1.35
0.40 1.48 1.58 1.48. 20 0 1.23
0.50 1.32 1.38 1.38 1.15 1.15
0.60 1.15 1.20 1.32 I.05. 1.07
0.70 1.05 1.07 1.23 09.8 0.995
0.80 0.96 1.00 1.15 0,91 0.91
0.90 0.93 0.95 1.10 0.87 091
1.00 0.89 0.91 1.00 0.85 0.91
1.25 0.85 0.83 0.85 0.85 0.93
1.50 0.79 0.79 0.79 0.85 0.'95
1.75 0.78 0.79 0.79 0.85 0.95
2.00 0.76 0.78 0.79 0.83 0.95
3.00 0.76 0.79 0.81 0.81 0.89
400 0.76 0.76 0.79 0.79 0.79

Figure 28: Pacific Ocean stations.
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0 pH<- 0.2 ->8 8 8 8 8

2-

3-

Station* 303 308 310 314 316

Sain>303 308 310 314 316

I 38S 300S 270S 240S ITS

DeP~th(krn) 170OW 160OW 1570W 1540W 127°W
0.00 1.82 1.91 2.00 1.91 1.91
0.10 1.66 1. 91 . 1.91 1.91 1.86

S0.20 1.58 1.66 1.86 1.02 1.78
0,30 1.51 1.58 '1.74 1.78. 1.66
0.40o 1.45 1.48 1.58 1.66 1.26
0.50 1.32 1.45 1.45 1.45 1.12
0.60 1.26 1,38 1.38 1.26 1.02
0.70 1.20 1.32 1.32 1.17 1.00
"0.80 ... . 1,5 1.26 " 1.26 1.12 .. .. (.95
0.90 1.07 [i1,20 . 1.20 1.07 0.93
1.00 1.00 1.12 1.15 1.02 0.91
1.25 0.95 0 . 98 1.05 0.98. 2 0 ,

1.50 0.91 0.91 0.93 o.95 0.85
1.75 ,0.89 0.87 0.89 0.91 L 0.63
2.00 0.87 0,83 0.87 0.87 0.83
3.00 0.81 '0.79 0.85 0.78 '0.81
400 .0.76 0.7/8 0.85 0.,74 0.78

Figure 29: Pacific Ocean stations.
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o pH<k-0.2 -A 8 8 86

2

3 I

4 1
Station* 317 319 320 321 322

Station*> 317 319 320 321 322
24 0S 28"S 3305 39 0S 430S

Depth(km) 128 0W _128°W 126°W 129°W 1300W
0,00 1.95 1.95 1.82 1.91 1.74
0.10 1.74 1.78 1.91 1.78 1.66
0.20 1.66 1.62 1.55 1.45 1.48
0.30 IM56 1.55 1.41 1.3 I.41i
0.40 1.45 _ 1 1.41 1.32 1.38 1.38
0.50 132 1.35 12. 1.35 1.35
0.60 1.23 1.26 1.26 1.35 1.32
0,70 1,17 1,12 1.23 1.32 1.26
0.80 1.10 1.00 1.17 1.26 1.23
0.90 1.05 0.95 1.12 1.20 1. 15
1.00 0.98 0.91 1.05 1.05 1.02
1.25 0.87 0.87 0.95 0.95 0.89
1.50 0.83 0.85 0,89 0.91 0.83
1.75 0.81 0.63 0.65 0.89 0.79
2.00 0.79 0.83 0.85 0.87 0.79
3.00 0,78 0.81 0.81 0.81 0.79
400 0.78 0.81 0.79 0.79 0.78

Figure 30: Pacific Ocean stations.
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0 pH<- 0.2 ->B 8 8 8 8
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2 -I

3I

Station* 324 326 328 331 334

Station*> 324 326 320 331 -334
230S 140S 090S 05*S O0VN

Depth(km) 1460W 126 0W 1246°w 125 0W 125°0W
0.00 2.00 1.78 1.58 1.58 1.58,0. !0 - 2.00 1.86 1.50 1.21 1.35

0.20 1:58 1.78 1.00 0.71 1.20
U030 1.46 1.41 0.79 0.63 1.00
0.40 1.41 0.74 0.71 0.63 0.71
0.50 1.32 0.72 0.66 0.71 0.6a
S0.60 .23 0.74 0.63 0.72 0.68
070 1105 0.76 0.62 074 0.69
0.80 0.96 0.78 062 0.74 0.71
0.90 0.95 0.78 0.63 0.74 0 7,.
1.00 0.95 0.78 0.66 0.74 072
1.25 0.93 0.76 0.72 0.74 0.72
1.50 0.91 0.79 0.79 0,76 0.72
1.75 0.89 0.79 0.61 0.76 0.,4
2.00 0.87 0.79 0.81 0.79 0.76

!'3.00 081 0.79 0.81 " 2 79 0.79
I 400 0.79 0,79 0.79 0.81 0.79

Figure 31: Pacific Ocean stations.
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0 pH<- 0.2 ->8 8 8 8 8

3.I I ,_..

D ( k mn ) '- --

I I
I I

I I

Station* 337 340 343 345 347

Station*> 337 340 343 345 347
~06N 100N 170N 230N NONN

Depth(kni) 124 0W 1240W 1230W 1220W 121 W
0.00 1.66 1.91 1.95 1.7b 1.78
0.10 1.26 0.63 1.58 1.74 15
0.20 1.00 0.56 0.63 1.00 1.12
0.30 0.76 __0.55 0.52 0,66 0 79
0A40 0,71 0.55 0.51 0.52 0.56
0.50 0.63 0.54 0.50 10.50 0.54
0.6 . 0.62 0.54 0.50 0.5-0 0.51
0.70 0. 5,9 0.52 0.5 1 0.50) 0.50-k-
0Ho 0.59 0.i52 0.52 0.50 0.50
0.90 0.59 0.54 0.54 0,5 1 0,51
1.00 0.60 0.54 0.55 0. 54 0.52
Q25 0.62 -0.156 0.56 -0.56 0.55
1.O 066 0.59 062 060 059
1.75 0.66 0.63 066 0.63 0.63
2.00 0.71 0.68 0.69 0.66 0.66
300 072 074 0.72 071 071
4.001 0.74 0.79 071 0ý69 t0.72

Figure 32.: Pudfic Ocean stations.
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TRACK OF R/Vf IVIE=LVllLLE,

GEOSECS INDIAN OCEAN EXPEDITION, 1977-78
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pH<_0._-> 8 8 8 8

Dk)

2-

3I
II
I

" I I

Station 416 417 418 419 420

Statlon> A16 '417 415 419 420
20°N 130N 060 N 04°N O0°S

Depth(km) 65"E 640E 640E 57*E 5 IOE
0.00 1.70 1.70 1,74 1.70 1.70
0.10 0.79 0.85 1.26 1.26 1.29
0.20 0.68 0.78 0.98 0.95 1.07
030 0.63 0.69 0.91 0.89 0.93
0.40 0.60 0.66 0.81 0.83 0.85
0.50 0.60 0.65 0.72 0.74 0.79
0.60 0.58 0.63 0.68 0.68 0.76
0.70 0.58 0.62 0.62 0.66 0.69
0.80 0.56 0.60 0.60 0.65 0 66
0.90 0.56 0.60 0.60 0.65 0.65
1.00 0.56 0.60 0.62 0.65 0.65
1.25 0.58 0.62 0.65 0.66 0.68
1.50 0.63 0.63 0.71 0.71 0.71
1.75 0.60 066 0.74 0.72 0.74
2.00 0.71 0.71 0.76 0.76 0.76
3.00 0.72 0.76 0.79 0.76 0.78
400 0.72 0.76 0.76 0.74 0176

Figure 34: Indian Ocean stations.

- 37 -



0 pH<-0.2 ->8 8 8 6 8
D (kmi)

2

3-

Station* 421 424 425 427 428

Station*> 421 424 425 427 428
060S 120S 170S 270S 38°S

Depth(km) 51°OE 540E 560E 570E 58°E
0M00 1.74 1.78 1.82 1.82 1.82
0.10 1.29 1.48 1.70 1.70 1.74
0.20 1.12 1.32 1.66 1.62 1.66
0.30 1.05 1.23 1.55 1.55 1.62
0.40 0.98 1.17 1.41 1.51 1.55
0.50 0.09 1.05 1.26 1.45 1.51
0.60 0.79 1.00 1.00 1.35 1.41
0.70 0.76 0.91 0.93 1.26 1.26
0.80 0.74 0.65 0o91 1.17 1.17
0.90 0.72 0.79 0.89 1.00 1.15
1.00 0.72 0.78 0.87 0.95 1.10
1.25 0.72 0.79 0.87 0.59 1.00
1.50 0.74 0.79 0.87 0.87 0.89
1.75 0.75 0.79 0.87 0.57 0.85
2.00 0.79 0.81 0.85 0.87 0.85
3.00 0.78 0.79 0.79 0.81 083
400. 0.76 0.76 0.76 0,78 0.79

Figure 35: Indian Ocean stations.
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pH<- 0.2 ->8 8 8 8 8

I D

3-

.iStation# 429 430 431 432 433

Station*> 429 430 431 432 433
48oS 600S 64oS 590S 53oS

Depth(kin) 580E 61°OE 840E 930E 1030E
0.00 1.62 1.51 1.48 1.58 1.51
0.10 1.58 1,30 1.12 1.15 1.38
0.20 1.35 0.98 1.00 1.02 1.050.30 1.15 0.93 0I95 0.98 0.98
0.40 1-02 0.91 0.95 0.95 0.93

0.50 0.98 0.91i 0.95 0.95 0.93
0.60 0.95 0.93 0,98 0.98 0.95
0.70 0.95 0.95 0.98 0. Q8 0.98
0,80 0.95 ,, .M 1.00 1.00 1.00
0.90 0.93 1,00 i.00 1.00 , 1,.001.00 0.93 .0 .1.00 0.98 1.00

1.25 0.91 1.00 0.98 0.95 0.98
1.50 0.gl1 0.98 0.95 0.g3 0L9
1,75 0.89 0.95 0.93 0.91 .0,.959

-•_2.00 0.87 0.91 0.93 0.91 0.91
3,00 0.83 0.85 0,83 0,85 0.85
400 0.79 0.79 0.78 0.79 0.78

Figure 36: Indian Ocean stations.
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0 pH<- 0.2 ->8 8 8 8 8

D (km-=

2

3 -

4S33
Station > 435 436 438 440 441

, Station*> 435 436 438 440 441

400S 290S 190S 090S 0505
Depth(km) 110E I IO°E 1010 E 950 E 920E

0.00 1.78 1.86 1.91 1.78 1.78
0.10 1.66 1.76 1,66 1.15 1.12
0.20 1.56 1.74 1.66 0.89 0.91
0.30 1.55 1.58 1.55 0.85 0.63
0.40 1.51 1.55 1.48 0.83 0.79
0.50 1.48 1.45 1.41 0.78 0.72
0.60 1.41 1.26 1.26 0.76 0.66
0.70 1.32 1.12 0.89 0.72 0.66
0.80 1.20 1.05 0.81 0.71 0.66
0.90 1.15 0.98 0.78 0.71 0.66
1.00 1.10 0.89 0.76 0.72 0.68
1.25 0.98 0.85 0.76 0.74 0.69
1.50 0,91 0.83 0.78 0.78 0.72
1.75 0,69 0.85 0.81 0.79 0.76
2.00 0,87 0.87 0.81 0.81 0.78
3.00 0,63 0.85 0.79 0.79 0.79
400 0.79 0.78 0.78 0.79 0379

Figure 37: Indian Ocean stations.
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Si
SII

SI

3 II
I I
II

3I I

4 1 -_

Station* 442 445 446 447 448

Station*> 442 445 446 447 448
010S 09ON 130N 050N 00N

Depth(kmn) 910E 860E 85°E 800 E 800E
0.00 1.82 1.74 1.91 1.82 1.82
0.10 1.10 0.89 .. 1.66 1.26 1.26
0.20 0.95 0.66 0.63 0.79 0.93
0.30 0.89 0.63 0.58 0.74 0.89
0.40 0.85 0.63 0.56 0.69 0,85
0.50 0.51 0.63 0.55 0.66 0379
0.60 0.76 0.62 0.54 0.62 0.74
0.70 0.69 0.62 0.55 0.60 0.69
0.80 0.66 0.62 0.56 0,60 0,66
0.90 0.65 0.63 0.59 0.62 0.65
1.00 0.65 0.65 0.63 0.63 0.65
1.25 0.66 0.66 0.66 0.65 0.66
1.50 0.71 0.69 0.69 0.68 0.71
1.75 0.76 0.72 0.74 0.74 0.74
2.00 0.78 0.76 0.78 0.78 0.78
3.00 0.81 0.79 0.79 0.79 0,79
4.00 0.81 0.81 0.79 0.79 0,79

Figure 38: Indian Ocean stations.
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0 pH<- 0.2 ->8 8 8 8 8
D (km)'- I II "

I I

2

I3.

Station* 449 450 451 452 453

Station*> 449 450 451 452' 453
050S lO0S 150S 200S 230S

-Depth(kin) 600E 600E 600C 800E 74°E

I i

-'0.00 1.82 1.82 If 2 1.86 1.91
0.10 1.00 1.17 '.,7,4 1.74 1.820.20 0.91 1.00 I.45 1.66 1.70

0.30 0.89 0.95 .1.29 1.58 1.62
0.40 0.85 H.9 1 .20 1.55 1.51
0.50 0.81 0.79 . . 1.10 1.46 1.48
0.60 0.76 i 0.74 0.91 1.41 1.410.70 0.72 1 0.i 0.I5 1.32 1,26
0.80 0.69 0I.7 0,79 1.12 1.12

0.90 0,68 0.72 0.78 0,89 1.00
1.00 0.69 0.74 0.76 .0.81 0,89

S1.25 0 71 " 0-./4 0.76 0.79 0.791,50 0.74 0,78 038 0.79 0.79

1.75 .0,70.. 0.79 0.79 , 0.83 0.81
2.00 0.79 0.79 •0.8.3 10,8 5 0.851 3.00 0.81 o.81 0.8I 085 083

I 4.00 [ 0 .7 0 .90 7 .9 0.79

Figur-9 -)9: Indian Ocean stations.
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0 pH<- 0.2 ->8 8 8 8 8

5 3

2-

3-

Station* 454 407 405 404

Station*'> 454 407 405 404
270S '20ON 27ON 360N

LDepth(krm) 670E .38°E 350E 170E
0.00 1.86 1.70 1.82 1.91
0I 0 1.62 1.58 1.66 1.86

0.20 1.66 1.126 1.48 1.78
0.0 1.55 1.12 1.29• 1.78
0.40 1.48 1.07 1.20 1.74
0.50 1.45 I,10 1.15 1.70

0,60 1.38 1.11 '1.12 1.70
0.70 1.35 1.12 1...i17 ' 1.66
0,80 1,32 1.14 1.20 1.66
0,90 1.26 1. 14 1.26 1.66
1.00 1,05 1. 14 1.32 1.66
1.25 0.89 1. 15 1.58• 1.62
1.50 0.85 ... . 1..!5 ... 1.58
1.75 0.85 1.15 1.55

S...2.00 0.85 1.51
3.00 0.81 1.41

IIII

400 0.79 1.32

Figure 40: Indian O)cean stations.
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K Contours at Selected Depths
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Figure 44. GEOSECS 2 km K contours.
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Figure 43 GEO" ECS 4 kn. K contours.
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K Prof iles

Comparison of the K contours indic6te no serious discrepencies between
the new and earlier versions. However, adjustments of values and contours
to fit the GEOSECS data should improve accuracy. Considerable uncertainty
was involved in developing the earlier 2 km contours because the Pacific
latitudes 165 0E- 1300W were not covered by Russian charts. Interpolation
and pressure corrections were involved also. Therefore GEOSECS surface
and 2 km charts should be the more accurate.

The K contours should also allow reasonably accurate of the profiles in
most of the World Ocean. A graphic method i> to connect the five points
with a fair curve, which can be quite subjective. An ,utomated method has
been developed using an algorithm suggested by Dr. A. H. Nuttall, which has
proved to give good results.

The five K points for depths D=O, 0.5, 1, 2, and 4 km are numbered 0-4
and the profile is fitted by the expression:

K(D)=K(4)+ IC0 + CI D + C2 D2 + C3 D3 + C4 D41 expl-(a D)b]

where a= 1/km and b= 1.5 have Leen chosen by trial to obtain 'best* results.
The five equations for n=0,1,2,3,4 to be solved are then given by:

CO + CC D, + C2 D, 2 + C3 D 3 + C4 D n 4 = IK(Dn) - K(4)) exp(DnL' .)

.nd solution for the coefficients can be obtained either algebraically or by

writing the equations in matrix form 6nd inverting.
Figures 46-49 show some results for the North Atlantic, North Pacific,

Indian and Southern Oceans. The circles indicate the curve-fit to the five

chart values for each region. A computer search is then made of the entire
library to find the five GEOSECS profiles with least-square errors for the
given points. The error , rms is shown for each case Selected profiles are
identified by station number ond error Since the error only indicates the
goodness of fit at the five points, actual errors for particular ray paths
can obviously be greater or less.

For the all the cases shown, the selected profiles fall within the regions
in question and the errors appear to be minimal. In other cases where the
method recovers profiles outside the area, the errurs ore equally small An
alternative procedure would be to select the profile with the best overall

fit in place of the algorithm profile.
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[Depth (kmn)

1 0

0
0
0

0

2-

Stationr Armns
3.116 .03

120 .05
117 .05
29 .06
121 .07

0 K Factor 2

Figure 46: North Atlantic K profiles.

Depth (kmn)

1

2

Stotion* Arn'S
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Figure 4T North Pacific K profiles.
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0
Depth (km) 0 0 0

I

2

Station* Arms
449 .01

3- 440 .02
450 .02
448 .03
442 .03

41
0 K Factor 1 2

Figure 4a: Indian Ocean K profiles.

Depth (kin)

2

Stbtion Arms
o 87 .04

3 76 ,04
%0 .05
91 .05
290 .05

0 K Factor " 2

Figure 49: Southern Ocewn K profiles.
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Temperature Profiles

0 A

Depth
(kmn)

I

2

Station*
o 116
e215
A 290
0>449
x 404

4
T(00 0 10 20 30

Figure 50: Typical temperature profiles.

"Temperature profiles are also required for the ray-integration method.
Figure 50 shows some typical examples for the regions to be considered.
Temperature profiles are obviously quite similar to K profiles and can be
formulated by the some algorithm method. Salinity variations with depth
are small and can be Ignored.

Figures 51-53 show comparison of the temperature and K profiles for all
reported stations In the three oceans. Station sequences read from left to
right and are the same as before. Starting aný ending station numbers are
indicated on each graph. Note that the spacing has been Increased in the
lower Indian Ocean graph to eliminate overlap of the Gulf of Aden, Red Sea
and Mediterranean Sea temperature profiles, which might otherwise cause
confusion.

While there is a considerable degree of similarity between the profiles
In many regions, the overall correlalion is generally poor and clearly not
sufficient to permit estimation of K prolIles from temperature profiles
with the required accuracy.
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24Atl~ntic Ocean K&T Profiles *57
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*58 Atl~anic Oeon K&T Profiles '121

Figure 51: Temnperature and K profile comparison.
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Figure 52. Temnperature and K profile comparison.
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• Figure 53: lemperature and K profile compsrison.

- 55 -



rModel Comparison

Absorption losses (dB) calculated by both the K model and Thorp equation
for sound-channel, convergence and surf ace-duct propagation modes are
shown in Figures 54-56. The differences A=A(Kmod)-A(Thorp) include the
expected errors of the K model, indicating the degree of significance.

The K model calculations used ray integration and the algorithm profile.
Values of K and temperature at the five depths were fitted to generate the
profiles. Salinity was taken as constant S=35 except for the Mediterranean
case where S=36 was used. Absorption loss at selected frequencies F(kHz)
at ranges R(km) was calculated by integration over appropriate ray paths.
Expected errors were calculated concurrently using AK=±0.05 for the sound
channels and CZ and &K=±O. I for the surface ducts. Thorp values were also
calculated concurrently to minimize relative errors.

Figure 54 shows one-way sound-channel losses at R=500 km. The large
range of A values reflects the regional pH variability at axial depths.

Figure 55 shows two-way absorption losses for active sonar in the CZ
mode. Since the major part of the ray paths falls well below the depths of
high pH variability, A values tend to be small in both magnitude and range.

Figure 56 shows two-way surface-duct losses at R=50 km. The A values
are uniformly high because of the high surface pH.

Alpha (d0) SC Atl. 300N Pac. 45ON Pac. 500S Ind.10 0S E. Med.
F (kHz) R (krn)> 500 500 500 500 500

K mod. 33.3 17.5 47,6 21.9 51.6
1.0 Thorp 32.7 32.7 32.7 32.7 32.7

A 0.7±_1.3 -15.2±1.4 15.0±1.4 -107±1.3 16.9±1.3
K mod. 24.6 12.9 36.1 16.1 36.8

0.8 Thorp 24.7 24.7 24.7 24.7 2437
_A -0.2±,1.0 -11.9±10 11.4±,1.1 -8.7±,1.0 12.1_,1.0

K mod. 15.7 8.3 24.0 10.3 22.8
0.6 Thorp 16.4 16.4 16.4 16.4 16.4

A -0.6±0.6 -8. 10.7 7.6±0,7 -6.1±t0.6 6.4±06
K nod. 7.8 4.2 12.3 5.1 10.9

0.4 Thorp 8.4 8.4 8.4 8.4 8.4
.____ A -0.6+±0.3 -4.2_0.4 3.9±0.4 -3 3±0.3 2.5±0'.3

K niod, 2.1 11. 3.4 1.4 2.9
0.2 Thorp 23 2.3 23 2.3 23

A -0.2±0.1 -1.2±0.1 11 0.1 -1.0o0. I 0,5±0.1

Figure 54: One-way sound-channel absorption v6lues.
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2Alpha (dB) CZ At. 30ON Pec. 45ON Pac. 500S Ind.IO°S E. Med.
F (kHz) R (km)> 74 64 36 74 47

K mod. 37.6 25.7 24.4 31.2 34.2
3.5 Thorp 34.2 29.7 16.3 34.2 21.5

_A 3.4±1.0 -3.9±0.9 8.1±0.5 -3.0±1.0 12.7±0.8
K mod. 32.0 21.2 20.9 26.0 30.1

3.0 Thorp 28.7 24.9 13.7 28.7 18.1
A 3.3±0.9 -3.7±0.8 7.2±0.4 -2.7±0.9 12.1±0.7

K mod. 26.7 17.1 17.6 21.3 25.9
2.5 Thorp 23.8 20.6 11.3 23.8 15.0

A 2.9±0.8 -3.5±0.7 6.3±0.4 -2.5±0.8 10.9±0.6
K mod. 21.5 13.4 14.4 16.8 21.2

2.0 Thorp 19.2 16.7 9.2 19.2 12.1
A 2.2±0.7 -3.3±0.6 5.2±0.3 -2.5±0.7 9.1±0.5

Kmod. 16.1 9.8 11.1 12.4 15.8
1.5 Thorp 14.7 12.8 7.0 14.7 9.3

I A 1.4±0.6 -3.0±0.5 4.1±0.3 -2.4±0.61 6.6±0.4

Figure 55: Two-way convergence-zone absorption values.

2Alpha (dB) SD Atl. 30ON Poc. 45ON Poc. 500S I rid.1 S E.Med.
F (kHz) R (kmn)> 50 50 50 50 50

K mod. 35.7 34.1 35.7 34.5 38.6
3.5 Thorp 23.1 23.1 23.1 23.1 23. 1

A 12.6t!.6 11.0±+1.4 12.5±1.4 11.3t±1.7 15.4±1.7
K mod. 31.5 29..7 30.6 30.1 34.0

3.0 Thorp 19.4 19.4 19.4 19.4 19.4
A 12.0±1.5 10.3±1.3 11.2±1.3 10.7± 1.5 14.6±+1.5

K mod. 26.7 25.4 25.8 25.2 29.3
2.5 Thorp 16,1 16.1 16.1 16.1 16.1

A 10,6-1.3 9.3t±1.2 9.7i±1.1 9.1±t1.3 13,2± 1.4
K nod. 21.1 20.9 21.2 19.5 240

2.0 Thorp 13.0 13.0 13.0 13.0 13.0
A 6.1±1.0 7.9±1.0 6.2±_1.0 6.5t±1.0 10.9±1. 1

K mod. 14.6 15.9 16.3 132 17.7
1.5 Thcrp 10.0 10.0 10.0 10.0 100

I A 4.8±0 7 6.0±0.8 6.4±0.8 3.3±0 7 7.7±0.9

Figure 56: Two-way surface-duct absorption values,
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Conclusions and Recommendations

Two methods for estimating pH effects on sound absorption have been
proposed for use in conjunction with the absorption formula of Figure 5.
The interim method employs K contours for specific propagation modes;
i.e. sound channel, CZ and surface duct (Figures 6-8). This method is useful
for rapid calculation but involves judgement if there is no single dominant
mode. The second method employs K profiles constructed from K-contour
charts at five depths 0, 0.5, 1, 2 and 4 km (Figures 41-45). This method is
useful for integrating loss over all ray paths by computer methods.

One purpose of the GEOSECS data analysis has been to investigate the
consistency of the pH data. Results indicate agreement between the new K
contours and the earlier versions. The sound-channel contours are in good
agreement with Lovett's charts. Agreement with Russian charts at fixed
depths is also good except for possible minor discrepencies in surface
values, which may reflect seasonal variability. GEOSECS data were taken
during warmer periods and surface temperatures appear to be consistently
high, while the Russian data are seasonally averaged. Within these limits,
errors for both surface charts appear comparable.

The second purpose has been to devise a simple procedure for estimating
the K profiles required for propagation analysis by numerical methods. By
integration losses over all ray paths using a profile, all uncertainty about
what values to use is eliminated. The five points from the contour charts
should allow reasonably accurate approximation of K profiles throughout
most of the World Ocean in regions where no actual data can be found.

Profiles can be generated graphically by drawing a fair curve through the
five points. Since making the fit consistent with actual profiles involves
some subjectivity, the algorithm method may be preferred.

An alternative method is to do a computer search a library of profiles and
select the one with ieast-squai-e error for the five points in question. This
procedure will usually recover a profile in the some general area, If not,
discrepencies between known and recovered profiles are usually found to
be minimal. Another alternative is to check the overall fit of the recovered
profiles and arbitrarily pick the one that appears best suited to the region
under consideration.

One of the main advantages of the library method is that additions can be
made as new data become available. While some revisions of the contours
may then be required, the extrapolation errors involved in approximating
profiles should be reduced, This method also seems to be suitable for easy
implementation in existing computer programs.
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